The period after the description by Timpe and Runyon (23) of the so-called atypical mycobacteria has been marked by intensive efforts devoted to the taxonomy of the slowly growing mycobacteria. Slow growers are defined as strains requiring 1 week or more for the appearance of visible colonies on solid medium when the inoculum has been diluted sufficiently to yield well-isolated colonies (20). The descriptions of previously recognized species have been expanded, and new species have been proposed. Cooperative studies were carried out by the International Working Group on Mycobacterial Taxonomy (IWGMT), which characterized the most commonly encountered slowly growing mycobacteria in terms of a wide variety of properties (18, 27, 28; H. H. Kleeberg, et al., manuscript in preparation). The species that have been described in these studies, both published and in preparation, include Mycobacterium africanum, M. avium, M . bovis, M. gastri, M . gordonae, M. intracellulare, M . kansasii, M . marinum, M . microti, M . nonchromogenicum, M . scrofulaceum, M . terrae, M. tuberculosis, and M . xenopi. Other species have been proposed, but they have not been encountered as commonly or studied in such detail as those cited above. Undoubtedly, more remain to be discovered. A problem facing mycobacterial taxonomists who encounter strains that do not conform perfectly to the description of any known species is the decision as to whether the differences are sufficient to justify the time-consuming studies that would be necessary to establish new taxa. We examined the data derived from the IWGMT cooperative studies in an attempt to select a set of tests that could be employed to help resolve this quandary. Our proposed strategy is based on use of a taxonomic probability matrix, which is defined here as a device to answer whether the properties of a particular strain differ sufficiently from those of any established taxon to justify efforts to generate enough additional data to try to define a new taxon. This is in contrast to a more conventional diagnostic probability matrix, which asks whether the properties of a strain conform sufficiently to those of an established taxon to justify identification of the strain as a member of that taxon.
MATERIALS A N D METHODS
The data used to define the probability matrix were derived from four IWGMT cooperative studies; three of these studies have been published (18, 27, 28) , and one is presently in preparation. The latter, which deals with the M. tuberculosis complex, was coordinated by H. H. Kleeberg, who kindly made the raw data available to us. All four of these cooperative studies, representing a total of 298 strains, were focused on slowly IP: 54.70.40.11
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MATRIX FOR SLOWLY GROWING MYCOBACTERIA 529 growing mycobacteria, although a few rapid growers were introduced into the study sets.
Results of immunological tests, phage typing, thinlayer lipid chromatography, and pathogenicity tests were deleted for purposes of this study because these tests require subjective interpretations or specific biological reference materials that are not readily available. The remaining phenotypic data were converted to binary form and coded according to the RKC system (19). The data were entered into the MICRO-IS program at the Microbial Systematics Section, National Institute of Dental Research (12). Irrelevant and "repetitious" data, which were deleted in prior studies (28), were reintroduced into the data pool. Some features that were common to all clusters within any one of the prior studies could provide resolution when the data from all studies were combined; i.e., they were no longer irrelevant. The repetitious data were used to construct modal scores, as described below. In some cases differences in test methods for the same features from different studies would have resulted in additional redundancies. When tables of data were examined with such features presented side by side, it was possible to consolidate some such tests under a single code since the different methods gave equivalent results. In most cases there were multiple entries for a single test code and strain. The modal score (i.e., the result obtained for a given strain by the majority of laboratories performing a given test) was used in the subsequent analysis.
Numerical taxonomy (NT) analyses of the combined data employed simple matching coefficients, with sorting and sequencing according to unweighted average linkage (22). After a preliminary NT run demonstrated that the clustering behavior of strains in the combined pool agreed with that found in the individual studies, 21 strains and a number of tests were deleted by the following criteria to simplify the task of selection of features for a probability matrix.
Some strains appeared in the individual studies as members of clusters composed of fewer than five strains, and most of these were deleted. In addition, six nonpigmented strains of M , kansasii were introduced into the study on non-photochromogenic slowly growing mycobacteria (18). Nonpigmented M. kansasii strains are encountered only rarely in nature, and inclusion of these strains represented a special selection (for the purpose of the original study) that would have distorted the pigment frequency figures in the probability matrix. Therefore, they were deleted from the data pool used for the final NT analysis, in which cluster borders were defined for generation of the feature frequency table. However, all strains from all studies were reintroduced into the pool when the probability matrix was tested.
In the case of the M. tuberculosis complex IGWMT study, the final analysis had not been completed when this study was carried out. We used all strains from this study for our final NT analysis.
In prior studies, tests were considered most useful if at least 85% of the strains in one or more clusters were positive and at least 85% of the strains in one or more of the remaining clusters were negative (18). In the present study, tests that failed to meet this criterion were deleted before we performed the secondstage NT analysis upon which the probability matrix was to be based.
After deletions of strains and tests as described above, we generated the second-stage NT matrix, which was based on 83 features. After establishment of cluster borders, feature frequency lists were generated. This second selection of tests for aetual incorporation into a probability matrix was more rigorous than the selection described above. For each test, a difference in frequency of 90% was required between at least one pair of clusters. At least two such tests were sought to distinguish between any given pair of clusters, although this could not always be achieved. In one case, a test (resistance to 500 pg of p-nitrobenzoic acid per ml) was selected with only an 89% differential between a pair of clusters. The remaining 33 tests met the 90% standard.
A probability matrix was constructed from the 34 features and 14 taxa shown in Table 1 . The estimates of probabilities are expressed as percentages of strains giving a positive result. A value of 99% was given when all of the examined strains of a taxon gave a positive result. Similarly, a value of 1% was given when the strains of a taxon always gave a negative result. In those cases where data were not available, a value of 50% was inserted.
The resulting probability matrix was incorporated into an identification program named IDDNEW (7) . IDDNEW is part of a group of computer programs that make up a microbial information system (12). IDDNEW is based on a modification of the Bayes Theorem of Probabilities. The logic of the procedure lies in the fact that given independent tests, the probability of obtaining a particular combination of results is the product of the probabilities for obtaining the desired results in each of the tests taken singly. This statistical approach has been used widely in medical diagnosis and more recently in bacteriological studies
The likelihood that an unknown strain belongs to any given taxon is defined as the probability of obtaining the observed test results with a strain of this taxon. This probability is found for each taxon by multiplying the probabilities of the individual test results.
The probability values actually used in the computations are decimal scores obtained by dividing the percent positive feature frequencies by 100. The results returned by the program also are displayed as the decimal probabilities.
When an unknown strain gives a positive result, the probability of the results is taken directly from the matrix. When the result given by an unknown is negative, the probability is found by subtracting the matrix figure from 1.00 (e.g., a 0.01 probability of being positive is equivalent to a 0.99 probability of being negative).
To display clearly the relative values of the likelihoods of the taxa, they are normalized by dividing the likelihood of each taxon by the sum of the likelihoods of all of the taxa. The normalized values are referred to as identification (ID) scores. The best likelihood is defined as the likelihood that each taxon could achieve by using only those test features recorded for the unknown. It is assumed that the results obtained "match" their individual matrix probabilities; ' ' Feature code number. For definition of features, see Table 2 . ' Feature frequencies of 100% were set equal to 99%; 0% feature frequencies were set equal to 1%.
i.e., the features are set to positive when the values in the probability matrix are 20.50 and are set to negative for values of < O H , and the best likelihood is calcu-
lated.
As the program is written, a level of 0.999 is the threshold identification level; i.e., for a strain to be labeled as identified, its ID score must exceed this level. However, as presented below, additional threshold values were used in interpreting the mycobacterial data. is made here to modlfy the hierarchical standing of any of the taxa studied; clustering was the criterion for generation of the feature frequency table employed, with the understanding that questions of the species versus subspecies status of some clusters may require further resolution.
RESULTS

Probability matrix.
Although only four strains appeared in the fust-stage NT cluster of M. microti, a fifth strain (strain 89), which appeared at the bottom of the diagram (Fig. l) , shifted into that cluster in the second-stage N T analysis and was included in the feature frequency calculation for that cluster. On examination of the feature frequency tables, it became evident that three pairs of clusters failed to be differentiated by at least two features with 90% differences in frequency. An ID score based on best likelihood values for each of these pairs was calculated manually. It was found that a "perfect" strain of M. africanum (i.e., one that is identical to the theoretical modal strain) could yield at most an ID score of only 0.9281 because of the great similarity of such a strain to M. bovis. Therefore, M. africanum was deleted from the probability matrix as a separate taxon. The consequences of this are discussed below. When a similar analysis was performed on the other two problem pairs (M. avium versus M. intracellulare and M. tuberculosis versus M. microti), the best-fit ID scores exceeded 0.995 in all cases due to the presence of a sufficient number of lower-level discriminating features; therefore, these taxa were included in the matrix.
The probability matrix (Table I) , which incorporated 34 features and 14 taxa (i.e., NT clusters), was tested against all 298 strains. We recognize that it would have been desirable to test an independently studied set of cultures, but no such collection of data was available with sufficient corroboratory NT analyses to permit this to be done. However, the presence of a number of strains that did not fit into any of the selected clusters that were used to generate the feature frequency tables serves a similar function. As discussed below, new IWGMT cooperative studies have been initiated, and these will provide additional strain data for independent confwmation of the matrix.
Reproducibility of the features e mployed. The effectiveness of a probability program obviously depends upon the reproducibility of the tests employed. The use of composite modal scores in the present study undoubtedly enhanced the quality of the results reported here. A number of the tests used have been examined in IWGMT cooperative studies (32, 33) and have been found to be very reproducible; others exhibited less than 90% reproducibility, and still others have not yet been studied in this manner (Table 2) . Furthermore, in these cooperative studies it was found that the degree of reproducibility (i.e., agreement with consensus) differed from laboratory to laboratory. Thus, in some laboratories almost all of the tests can be performed with a high degree of reliability, and successful use of the matrix obviously is predicated on meticulous performance of the tests.
Distribution of strain scores and selection of thresholds. The data for all 298 strains included in the four IWGMT cooperative studies on slowly growing mycobacteria were entered into the probability matrix. Two types of scores were considered in evaluating the efficiency and accuracy of the identification so achieved. The ID score was based on normalization of the s u m of the observed likelihood scores. The standard program was designed to consider as definitive a likelihood score for a taxon which was at least 999 times greater than the likelihood for the next closest taxon (i-e., ID score of >0.999). An example is presented in Fig. 2 , When the ID score was below 0.999, the computer scanned the matrix to determine whether additional tests could be performed which might shift the likelihood values sufficiently to yield an ID score of >0.999 (Fig. 3) . A second score was calculated as the ratio (H score) of the observed likelihood divided by the best possible likelihood when only those features recorded for a given strain were used.
The distribution of the 298 strains according to their most likely taxa and the ID score for those taxa are shown in Of the 27 strains with ID scores below 0.999, for which additional tests were suggested, 24 (89%) represented disagreements between most likely taxa according to the probability matrix and clustering behavior in a full NT analysis. This is discussed below. Table 4 shows the distribution of the 271 strains for which no additional tests were suggested, according to their most likely taxa and their R scores. None of the 86 strains with an R score of 1.0 exhibited a disagreement between most likely taxon and NT clustering behavior. Thereafter, the proportion of disagreements increased as an almost linear inverse function of the R score. Since a discrepancy in the results of a single test can decrease the R score no more than 99-fold, we decided to accept a threshold R score of 0.01 for further analysis of the data. Of the 219 strains with R scores equal to or above this value, only 5 (2.3%) exhibited discrepancies between the most likely taxon and NT clusterBased on these decisions, we made an analysis of the distribution of strains according to ing.
,.. .. . a Value derived from one of the two IWGMT cooperative studies on reproducibility of techniques (32,33) but not included in tables or discussion. In the case of susceptibility and growth tests, the techniques described for other drugs in those references would be applicable to the additional agents listed here. For methods for the other tests, see the references cited.
ND, Not determined in a cooperative study. 'Moderate nitrate reduction was coded when results were reported as nitrate reduction within 4 h by a modified Virtanen technique (2) or as log nitrite value of >1.4 nmol by the technique of Wayne and Doubek (30). whether they were above or below either or both of these ID and R score thresholds (0.990 and 0.01, respectively) ( Table 5) . Of 201 strains which were above both thresholds, only 3 (1.5%) exhibited disagreement between probabilistic identification and NT cluster. On the other hand, 21 (30%) of the 70 strains which fell below one or both thresholds showed such disagreements. In addition, 26 of the 27 strains for which additional tests were suggested were below one or both thresholds. Combining the latter two categories, 45 strains (47% of 96 strains) that were below either or both thresholds exhibited disagreements, and 44 of these did not aggregate into any of the 14 clusters used to generate the matrix. This demonstrated a very striking enrichment of strains likely to belong to taxa other than those represented in the probability matrix. A more detailed analysis of specific categories follows.
Strains exceeding both thresholds: no additional tests suggested. strains that exceeded both thresholds yielded most likely identifications that were at odds with their NT clustering behaviors. One strain (strain 15975), which was identified as a member of M. gordonae, fell in the loose, ill-defmed cluster 7 in the first IWGMT N T study (28) . Another strain (strain 31), identified as belonging to M. microti, fell in the M. tuberculosis NT cluster (Fig. 1) . The third strain (strain 03), identified as a member of M. bouis, fell in the M. africanum cluster, which had not been included in the matrix for reasons discussed above.
Strains below either or both thresholds: no additional tests suggested. Of the 70 strains with ID and R scores below either one or both thresholds, 49 fell into a most likely taxon that agreed with N T clustering behavior. Of these, 11 strains were M. kansasii, and all had ID scores above 0.999 but R scores below the threshold. Five of these strains were nonpigmented variants of the species. These five variant strains were included in the studies by virtue of their exotic nature, thus giving them a weight far beyond their frequency of occurrence in nature.
The reverse situation existed for 10 strains of M. intracellulare and 4 strains of M. avium for which the R scores were above 0.01 but the ID scores were below the threshold. intracellulare is responsible for the low ID scores in the presence of high R scores and thus will exclude such strains from consideration as new taxa.
Strains for which additional tests were suggested. The identification program employed accepted an ID score of >0.999 as defmitive, so no suggested tests would have been indicated for strains identified at this level. Of 27 strains for which tests were suggested (Table  3) , 22 had ID scores for the most likely taxon that were less than the redefined threshold of 0.990,22 strains had R scores below a threshold of 0.01, and only 1 of the 27 strains was above both of these two thresholds. In those cases where the R score was <0.01, the addition of the suggested tests could not have changed the interpretation. Even a correct test would have affected the best likelihood and the likelihood 3 (1) 13 (1) 7 '' R score is defined in Table 4 , footnote a.
* For explanation of numbers in parentheses, see Table 3 , footnote a.
scores equally and thus would not have changed the value of the R score. For those strains which exhibited an R score of >0.01 and a low ID score, the addition of a single suggested test could have depressed the ID score of the second most likely taxon by as much as 100-fold, thus causing a shift above threshold for the higher ID score.
The maximum effect of adding the sole suggested test for the four strains that fell into this category was calculated by assuming that the result of the suggested test would have been in accord with the most likely taxon and by recalculating the ID score. For three strains, this calculation shifted the ID score above the 0.990 threshold. In one case, the identification so achieved (M. tuberculosis) agreed with the NT clustering behavior of the strain; in the other two cases, the definitive diagnoses (M. bovis and M. bovis BCG) disagreed with the NT clustering. However, both of these strains occupied a position in the general region of M. bovis. Of the remaining 22 strains (i.e., those with R scores of ~0 . 0 1 ) which could not have been raised above the threshold by the addition of the suggested test(s), 21 fell into N T clusters or isolated positions that did not correspond to any of the taxa defined in the probability matrix; thus, these would be appropriate candidates for further taxonomic exploration. One strain with an adjusted ID score (based on one suggested test) for M. xenopi of 0.99812 and an R score of O.oooO32 was received with that label, but some of the participants in the study had reported it to be a mixed culture (18) . The one strain that exceeded both thresholds was identified as belonging to M. gordonae, but it showed a relatively high affinity for both the M. gordonae and the M. scrofulaceum clusters in the N T analysis.
Observation on members of the M. tuberculosis complex. On inspection of the feature frequency table (Table l) , it is evident that there was a greater difference between the features selected by participants in the cooperative study of the M. tuberculosis complex (i.e., M . tuberculosis, M. microti, M. bovis, M . bovis BCG, and M. africanum) and the other three studies than among features selected for each of these other studies, from which the data pool was derived. This reflects a selection of tests that the participants believed would provide maximal resolution within this complex. For this reason it is not possible to ascribe the same hierarchical status to clusters coming from different studies. The sharp delineation of the M. bouis BCG strains, both as an N T cluster and as a clearly identifiable probability group, is especially noteworthy in this regard. These strains were all derived, over a period of many decades, from a nonpathogenic variant of M. bovis. This suggests that some of the clustering seen within this complex might be most appropriately interpreted in subspecific or infrasubspecific terms, as defined in the International Code of Nomenclature of Bacteria (16) .
For reasons discussed above, M. africanum was not included in the probability matrix. As a consequence, strains that fell into this poorly defined cluster (Fig. 1) 
DISCUSSION
The taxonomic probability matrix described here is not intended to be used to defme new taxa. It is designed to be used as part of a screening strategy to help investigators select from a large number of strains those few which might be candidates for new taxon status and thus to justify the great amount of work required to establish new taxa in a convincing way. The judgment and experience of an investigator are still the essential ingredients in this decisionmaking process. Thus, selection on the basis of the two threshold scores proposed served to eliminate 201 of 298 strains from consideration as representing new taxa, with the attendant failure to recognize only 3 strains that might have been candidates for further study. Actually, only one of these (strain 15975) appears to have been a significant candidate. Exclusion of the 14 subthreshold strains of M. avium and M. intracellulare from the 97 recognized candidates leaves 83 strains selected for detailed study, with a likelihood that 53% of them represent taxa not included in the matrix.
A number of additional species of slowly growing mycobacteria have been reported, but insufficient data were available to generate reliable feature frequency tables for them. An openended cooperative study on strains that do not conform to the taxa reported here has been initiated by the IWGMT. It is anticipated that the data generated will permit the addition of more of the presently recognized species to the matrix and will also permit NT recognition of previously unreported taxa.
It should be noted that it is not necessary to have data on all 34 of the listed features for a strain in order to employ the probability matrix. In most cases a partial set of data can indicate (by the R score) if a strain is so unlike any taxon in the matrix as to be a reasonable candidate for intensive study and whether a sufficient number of features have been recorded to resolve between two similar possibilities (by the ID score). The mean number of available features for the 298 strains reported here was 23. The presence of all 34 features in the matrb nakes 3 easier to accommodate additional species as full descriptions become available.
An appropriate strategy for evaluating a strain is to enter the data already available (e.g., from a clinical laboratory) into the computer. If the results exceed both thresholds, the strain is identified and thus excluded from further analysis.
If the R score is >0.01 but the ID score is <0.99, the additional suggested tests should be performed. If the strain is still below either threshold, it should be subjected to a full taxonomic analysis as a candidate for possible new taxon status.
In any case, before a new taxon is proposed, it is highly advisable to confirm the unique character of its members, not only by NT analysis but also by independent confirmatory properties, such as nucleic acid homology, immunological distance measurement or electrophoretic pattern determination of selected proteins, and/ or antigenic analyses (26). Furthermore, sufficient numbers of members of a new taxon should be examined to permit feature frequency tables to be prepared, thus permitting entry of the new taxon into some form of descriptive matrix, such as the one described here.
